Pasteurellaceae and from three other taxa on the one hand and DNAs from 53 strains known or presumed to belong to the Pasteurellaceae on the other hand. The members of the Pasteurellaceae are most closely related to members of the Enterobacteriaceae, the Vibrionaceae, the Aeromonadaceae, and the genus Alteromonas. The family Pasteurellaceae is very heterogeneous. There are at least seven rRNA branches. Several organisms with the same genus name are dispersed over the entire dendrogram. The "Histophilus ovis," [Haemophilus] ducreyi, [Actinobacillus] actinomycetemcomitans, and [Haemophilus] aphrophilus rRNA branches are separate and quite remote from the three authentic genera in this family; this might justify eventual later separate generic status. DNA-rRNA hybridization with suitable, labeled rRNA probes is an excellent method to establish whether an organism belongs in the Pasteurellaceae; e.g., some strains of Bisgaard's taxa 7,13, and 16 and of the gas-producing "SP" group certainly belong in this family, whereas three bovine lymphangitis organisms (strains NCTC 10547, NCTC 10549, and NCTC 10553), [Haemophilus] piscium ATCC 10801T (T = type strain), and [Pasteurella] piscicida ATCC 17911 belong in the Enterobacteriuceae, the Aeromonadaceae, and the Vibrionaceae, respectively.
The family name Pasteurellaceae was first effectively published by Pohl in 1979 (32, 56;  S. Pohl, Ph.D. thesis, Philipps-Universitat, MarburglLahn, Federal Republic of Germany, 1979) . This family was conceived to accomodate the majority of species classified in the genera Pasteurella Trevisan 1887 (73) , Actinobacillus Brumpt 1910 (lo) , and Haemophilus Winslow et al. 1917 (79) as defined in Bergey's Manual of Determinative Bacteriology, 8th ed. (ll), since members of these three unaffiliated genera exhibited complex genomic relationships. Previously, evidence that these organisms might constitute a family has been presented on the basis of a phenetic numerical analysis (65) . All members of the family are parasites and often are pathogenic in mammals, including humans, birds, and reptiles. The agent of Egyptian conjunctivitis (37, 77), Pfeiffer's influenza bacillus (51), the etiological agents of one form of hemorrhagic septicemia in mammals (36) and of fowl cholera (30), and the "wooden tongue" agent in cattle (40) were the first of more than 70 presently known species or provisional taxa of the Pasteurellaceae (48) which deserve considerable medical or veterinary interest.
In the early decades of medical microbiology, phenotypic characterization and classification of fastidious organisms like members of the Pasteurella, Haemophilus, and Actinobacillus groups were difficult. Attempts to create genera and higher taxa in this area as a rule resulted in highly artificial groupings. For example, in 1917 the Committee of the Society of American Bacteriologists on Characterization and Classification of Bacterial Types (79) proposed a genus "Hemophilus," which included the small nonmotile para-of Systematic Bacteriology, the family Pasteurellaceae Pohl 1981, 382"' (32) , containing the genera Pasteurella, Haemophilus, and Actinobacillus, was accepted and was placed together with the families Enterobacteriaceae and Vibrionaceae in Section 5 (42) .
In order to reveal the internal taxonomic structure of the family Pasteurellaceae, a considerable amount of research has been carried out (35) . A large body of research on DNA-DNA hybridizations within and with members of the family Pasteurellaceae has been carried out by the Marburg research group (see below). A number of groups of strains with similar DNAs appeared, often at low intergroup DNA homology values, together with a number of isolated strains.
The purpose of this study was threefold, as follows: (i) to examine part of the internal taxonomic structure of the Pasteurellaceae by performing DNA-rRNA hybridizations; (ii) to attempt to localize taxonomically a number of strains of uncertain affiliation; and (iii) to attempt to localize this family among the proteobacteria. The DNA-rRNA hybridization technique which we used has in many previous cases (e.g., references 24, 61, and 62) been shown to be a very useful method for unraveling genotypic similarities.
In this paper we use quotation marks to indicate nonvalid taxon names and brackets to indicate known generically misnamed taxa and taxa and strains which we believe to be generically misnamed.
MATERIALS AND METHODS
Organisms and growth conditions used. We used 53 strains of common pathogenic and commensal organisms that were isolated mostly from humans, mammals, and birds and that belong to or are thought to belong to the family Pasteurellaceae ( Table 1) . Some of these bacteria are gas-producing organisms, and some strains have special nutritional requirements. Some reference strains (Escherichia coli B, Vibrio parahaemolyticus ATCC 17802T [T = type strain], and Aerornonas hydrophila ATCC 7966T) from other well-known bacterial families were also included. Some of the strains used were grown on media described previously (75) . Most strains belonging to the family Pasteurellaceae were grown primar-ily on chocolate agar (tryptic soy agar [Difco Laboratories] which after sterilization was supplemented with 5% [voVvol] sheep blood and was kept at 80°C for 15 min before pouring) in a moist atmosphere containing 5 to 10% carbon dioxide at 36°C. Mass cultures were propagated in Difco Proteose peptone medium (78) supplemented with yeast extract (0.5%, wthol), NAD, hematin, or thiamine monophosphate as previously described (12, 47, (53) (54) (55) .
[Haemophilus] ducreyi was propagated on Mueller-Hinton chocolate agar (5% sheep blood) supplemented with 1% (voVvol) Vitox (Oxoid Ltd.) at 38°C (12) . Pathogenic strains were inactivated for 15 min at 70°C before storage at -20°C and subsequent use for preparation of DNA. Strains used for the preparation of labeled rRNA were not inactivated.
Preparation of high-molecular-weight DNA. Native DNA was prepared by a modification of the method of Marmur (44) as described previously (22), followed by final purification on a CsCl gradient.
Fixation of single-stranded high-molecular-weight DNA. The procedure of De Ley and Tytgat (26) for fixation on Sartorius type SM 11358 nitrocellulose membrane filters was used. The filters were stored at 4°C in vacuo.
Chemical determination of filter-fixed DNA. DNA was released from the filter as described by Meys and Schilperoort (45) and was determined by the procedure of Burton (12) .
DNA base composition, The average DNA base composition (moles percent guanine-plus-cytosine) was determined by the thermal denaturation method (27) and was calculated by using the equation recalculated by De Ley (20) .
Preparation of labeled rRNAs. To prepare reference rRNAs as described by De Ley and De Smedt (23) Saturation hybridization between labeled rRNA and filterfixed DNA. The basic aspects of the hybridization conditions which we used have been described previously (23, 26, 28) .
RESULTS

DNA base composition.
The average moles percent guanine-plus-cytosine of the 53 strains belonging to the Pasteurellaceae which we studied are shown in Table 2 . These values range from 36 to 53 mol%, with most of them falling between 36 and 43 mol%; 11 of them are in the range from 45 to 53 mol%. The values reported in Bergey's Manual of Systematic Bacteriology (42) for this family are in the range from 38 to 47 mol% G+C.
Separation of the 16s and 23s rRNA fractions. Separation of the 23s and 16s fractions was accomplished in a linear 15 to 30% sucrose gradient ( Fig. 1 ). Both fractions were present in five of the profiles prepared, with near theoretically expected ratios for [Actinobacillus] actinornyceterncornitans NCTC 9710T and "Histophilus ovis" HIM 896-7. Good yields of 16s rRNA were obtained from all of the reference strains used. 23s rRNA was lacking and apparently had been broken down in preparations from [ Table 2 and Fig. 2 . These data were obtained from the melting profiles of the hybrids. The temperature at which 50% of a hybrid is denatured [T,(,)] is the most significant parameter (23, 25, 28). This value IS a measure of the matching and mismatching (and thus of the base sequence similarity) between rRNA cistrons. The higher the T&) value of a hybrid, the higher the level of relatedness between the organisms hybridized. The percentage of rRNA binding is the total amount of rRNA that remained bound per 100 p,g of filter-fixed DNA after RNase treatment.
The hybridizations (Fig. 2) showed that the seven labeled rRNAs selected from organisms presently assigned to the family Pasteurellaceae constituted seven separate rRNA branches. When the correlations between these branches were calculated by using different methods, such as T,(,) or the difference in TmCe, values [AT, (,,] versus the homologous duplex with the same reference rRNA, single-linkage or unweighted pair group method (39, 66) ( Fig. 3 ), there were slight differences in the branching sequences and the branching levels. As the most probable dendrogram (Fig. 2) we selected a combination of the most frequent sequences. (Tables 2 and 3 and Fig. 2 ) showed beyond doubt that the family Pasteurellaceae forms one cluster, which is linked at an average Tm(e) of 68.6 +-1°C (40 measurements) with both branches of the genus Alteromonas (74), the family Enterobacteriaceae, the family Vibrionaceae, and the family Aeromonadaceae (De Ley and Tytgat, manuscript in preparation) ( Fig. 2) . All of these clusters together constitute our superfamily I (sensu De Ley 1211). Previously, other research has pointed in this direction (18) .
DISCUSSION
Internal taxonomic structure of the Pasteurellaceae. In an attempt to examine the internal structure of the family Pasteurellaceae, we carried out a large number of hybridizations in which we used DNAs from 53 strains of true and presumed members of this family, including 25 named species (frequently of uncertain affiliation) and 19 strains of uncertain or unknown taxonomic position, and labeled rRNAs from the type strains of the three type species of the three accepted genera and from four other reference strains belonging to the same family ( Table 2 and Fig. 2 ). Most of the strains selected represented different DNA homology groups of the Pasteurellaceae; only some of these strains were in clusters having high DNA homology values (>80% DNA-DNA binding [41, 46, 49, 56; Pohl, Ph.D. thesis]). We included few authentic Haemophilus, Pasteurella, and Actinobacillus (HPA) strains since their taxonomic position has already been well established by the Marburg research group (41, 47, 48) . For all these reasons we are fairly certain that the resulting rRNA dendrogram covers the whole range of the genetic diversity of the family. Our rRNA dendrogram (Fig. 2) shows that the family Pasteurellaceae is as heterogeneous as the families Enterobacteriacae and Ebrionaceae [AT,(,) , about 7"CI. Figures 2  and 3 show at what levels the seven rRNA branches are linked together. In view of the selection of strains described above, it was not unexpected that few strains were located on these rRNA branches. Of these, most were located on the rRNA branches predicted by their DNA homology values (Pasteurella multocida NCTC 3 195 , pctinobacillus] actinomycetemcomitans HIM 780-8, and [Haemophilus] paraphrophilus NCTC 10557) (Fig. 2) . A total of 34 other strains could definitely be shown to be members of the family Pasteurellaceae, but they could not be located on any of the rRNA branches; they are at the bottom of one or more branches (Fig. 2) . Undoubtedly, a number of these strains themselves form separate rRNA branches. However, we refrained from experimentally checking these numerous possibilities, as we doubted their efficiency. It is our experience from numerous DNA-rRNA hybridizations that strains belonging to a well-defined genus are all on the same rRNA branch; exceptions have nearly always been shown to be misnamed. The unusual situation in the Pasteurellaceae prevents us from making definite taxonomic proposals and suggests the necessity of more phenotypic and molecular studies with a variety of methods.
Each of the three type strains of the three type species
Haemophilus influenzae, Pasteurella multocida , and Actinobacillus lignieresii is a representative of an rRNA branch. These three branches link closely together at a AT,,,, of about 3°C. Each of these three genera is certainly very heterogeneous. Pasteurella. In Bergey ' s Manual of Systematic Bacteriology (14) , the genus Pasteurella contains six species. DNA-DNA hybridizations revealed that this genus consists of at least 11 species; an additional four to six species should be removed from this genus and have uncertain taxonomic positions (47) . The DNA dendrograms of Pohl (56) and Mannheim (41; Mannheim, unpublished data) also showed a considerable heterogeneity in this genus. In view of this heterogeneity and the wide variety in our strains, it is not so surprising that the T,(e) values for our unlocalized Pasteurella strains range from 72.5 to 75.1"C (average values).
Haemophilus. The genus Haemophilus also appears to be very heterogeneous. Sneath and collaborators (9, 65) (Fig. 2) , but low levels of DNA homology exclude them from the genus Haemophilus sensu strict0 (Burbach, Ph.D. thesis).
Actinobacillus. The genus Actinobacillus is also very heterogeneous. In Bergey 's Manual of Systematic Bacteriology (55) the genus Actinobacillus contains five species. In a numerical analysis of phenotypic features, Sneath and Stevens (67) detected an intertwined complex of 23 phena of Actinobacillus and Pasteurella species and unnamed groups. The relative closeness of these two genera is also obvious from DNA hybridization data (41) . The genomic relationships of several Actinobacillus-like organisms of avian origin were examined by Piechulla et al. (53) . On the basis of DNA homology data Escande et al. (29) suggested that the genus Actinobacillus should be limited to the following species: Actinobacillus lignieresii, Actinobacillus suis, Actinobacillus capsulatus, an unnamed equine Actinobacillus species represented by strain CCM 5500, and the generically misnamed organism [Pasteurella] ureae. [Actinobacillus] actinomycetemcomitans, "Actinobacillus salpingitidis," and "Actinobacillus seminis" would be excluded from this genus. In this sense our Actinobacillus lignieresii rRNA branch represents the authentic genus Actinobacillus. Strains of the excluded three taxa are in our dendrogram in the TmC,, range from 70.8 to 73.9"C.
In addition to the three rRNA branches described above, four other branches were revealed.
The (41, 56, 57, 65) . In our dendrogram the type strains of these two species are close together. Table 2 ). The positions of the ungrouped strains on the right were calculated as described in the text; their arrangement in five groups is for graphical clarity only. I, root of rRNA superfamily I. than the type strains of the type species of the genera Haemophilus, Pasteurella, and Actinobacillus (HPA).
The [Actinobacillus] actinomycetemcomitans rRNA branch. Strains of [Actinobacillus] actinomycetemcomitans occur as part of the normal flora of the human mouth; they may be important in certain types of periodontal disease. Potts and Berry (57) showed that this is a rather homogeneous species, as 20 strains were at least 69% DNA homologous. Potts et al. (58) proposed that this species should be assigned to the genus Haemophilus; its phenotypic similarity to [Haemophilus] aphrophilus has been described previously (57, 58).
The [Haemophilus] ducreyi rRNA branch. Strains of [Haernophilus] ducreyi cause the human venereal disease soft chancre. This organism is quite remote from the core of the Haemophilus-Pasteurella-Actinobacillus group at AT,,,,,, values of 3.7 to 5.3"C, according to the method used (Fig. 2) . analyses (33,64) , the total lack of DNA homology with other taxa (15; Burbach, Ph.D. thesis), the presence of both demethylmenaquinone and an unusual menaquinone (13) rRNA hybridizations are easily able to solve this problem. However, another strain of [Haemophilus] agni (now reclassified as "Actinobacillus seminis"), strain HIM 494-5, does not belong to this rRNA branch; it is located at the bottom of the large Haemophilus-Pasteurella-Actinobacillus group. This strain showed divergent phenotypic features and a very low level of DNA homology with [Haemophilus] somnus HIM 734-5, but a high level of DNA relatedness with "Actinobacillus seminis" ATTC 1576gT (55). In our study we ascertained that this organism is a member of the Pasteurellaceae, but it was not located on any of our rRNA branches.
Our method allowed us to localize a number of unnamed strains belonging to some of the taxa of Bisgaard, to the bovine lymphangitis (BL) group, or to the gas-producing, penicillin-resistant SP group, and strains of unspecified position (Actinobacillus-like, Pasteurella-like, and Haemophilus-like species). Except for three strains belonging to the [Pasteurefla] BL group, all of the strains belong definitely in the family Pasteurellaceae, but not on any of the branches.
Misclassified strains. Three strains of the generically misnamed [Pasteurelfa] BL group (NCTC 10547, NCTC 10549, and NCTC 10553) belong in the family Enterobacteriaceae with T,(e) values versus Escherichia coli B rRNA between 74.5 and 76.0"C. This confirms the data of Pohl (Ph.D. thesis) that strain NCTC 10547 displays negligible DNA-DNA similarity with authentic members of the genus Pasteurella.
Equally generically misnamed is type strain ATCC 10801 of [Haemophilus] piscium, the causative agent of ulcer disease in salmonid fish, which has a high level of related ness [T,,(,,, 77 .5"CI with type strain ATCC 7966 of Aerornonus hydrophila. Paterson et al. (50) identified this organism as an atypical Aeromonas salmonicida strain.
Another misnamed strain is [Pasteurella] piscicida ATCC 17911, which is epizootic on white perch (68) . We showed that this organism is a member of the Vibrionaceae, with a Tm(e) of 73.5"C versus Vibrio parahaemoly ticus ATCC 17802T rRNA.
[Haemophilus] equigenitalis, the causative agent of contagious equine metritis, is clearly separated from the Haemophilus-Pasteurella-Actinobacillus group by its cellular fatty acid composition (71). Sugimoto et al. (70) created a new genus for this organism as Taylorella equigenitalis. A combined research group showed (61) that the genus Taylorella is related to the genus Oligella and the family Alcaligenaceae in rRNA superfamily 111; as such it is completely unrelated to the Pasteurellaceae.
Comparison with rRNA partial sequences. The dendrograms of Chuba et al. (17) , based on the base sequence similarities of selected fragments of 16s rRNAs from seven Haemophilus-Pastewella-Actinobacillus strains and some reference strains, show some clustering different from ours; e.g., Pasteurella multocida is farthest removed from the six other Haemophilus-Pasteurella-Actinobacillus strains tested; according to the type of sequence clustering Agrobacterium tumefaciens and [Pseudomonas] testosteroni would be closer to the genera Bacillus and Anacystis than to the other proteobacteria, which is against all microbiological experience. This difference might, for example, be explained because selected fragments of the total 16s rRNA were 
